Independently controlled, inducible, catabolic genes in Pseudomonas aeruginosa are subject to strong catabolite repression control by intermediates of the tricarboxylic acid cycle. Mutants which exhibited a pleiotropic loss of catabolite repression control of multiple pathways were isolated. The mutations mapped in the li-min region of the P. aeruginosa chromosome near argB and pyrE and were designated crc. Crc-mutants no longer showed repression of mannitol and glucose transport, glucose-6-phosphate dehydrogenase, glucokinase, Entner-Doudoroff dehydratase and aldolase, and amidase when grown in the presence of succinate plus an inducer. These activities were not expressed constitutively in Crc-mutants but exhibited wild-type inducible expression.
Pseudomonas aeruginosa utilizes a variety of carbohydrates whose initial catabolism by specific transport systems coupled to enzymes leads to the formation of the central metabolite, 6-phosphogluconate (9) . Products from the central pathway are then oxidized by the constitutively expressed tricarboxylic acid (TCA) cycle (Fig. 1) . The carbohydrate transport systems and the central pathway enzymes are inducible, and their expression is subject to strong repression when acetate or TCA cycle intermediates are present in the growth medium with the sugar (7, 13) . The repression of carbohydrate catabolic pathways by these organic acids enables P. aeruginosa to preferentially utilize TCA cycle intermediates before carbohydrates. Thus, when growth medium includes a limited amount of succinate plus an excess of sugar, P. aeruginosa cultures exhibit a diauxic growth response curve that reflects catabolite repression control of inducible catabolic genes (11) .
Other inducible catabolic pathways not involved in carbohydrate metabolism are also repressed by growth in the presence of TCA cycle intermediates. Components of these other pathways include amidase (24, 25) , aklylsulfatase (2, 3) , histidase (17) , urocanase (18) , protocatechuate 3,4-dioxygenase (27) , and choline transport (22) .
Unlike the glucose effect on catabolite repression found in Escherichia coli and related facultative anaerobes, catabolite repression control of inducible catabolic pathways in P. aeruginosa and Pseudomonas putida does not appear to involve a cyclic-AMP-mediated mechanism (17, 23) . While the general phenomenon of catabolite repression in Pseudomonas spp. has been well documented, nothing is known about the molecular basis of this central metabolic control.
This report describes the first isolation and characterization of P. aeruginosa mutants that are defective in catabolite repression control of independently inducible regulatory units that encode pathways for the utilization of both carbohydrates and noncarbohydrates.
(Major portions of these results are from the M.S. thesis [25a] and Ph.D. dissertation [25b] of J.A.W.) MATERIALS 
AND METHODS
Bacterial strains and growth conditions. Bacterial strains, phage, and plasmids used in this study are listed in Table 1 . Basal salts medium (BSM) contained 50 mM KPO4 (pH 7), 15 mM (NH4)2SO4, 1 mM MgCl2, and 2 ,uM FeSO4. Carbon sources were used at a final concentration of 20 mM unless otherwise indicated. Amino acid supplements were used at 0.5 mM. All other growth was on Luria broth complex medium (12) . Antibiotics were used at the following concentrations: tetracycline, 100 ,ug/ml; carbenicillin, 500 ,ug/ml; kanamycin, 500 pg/ml; nalidixic acid, 1 Conjugation and transduction procedures. The chromosome-mobilizing plasmids pRO271 and R68.45 (14) were conjugally transferred to the Crc-strains, and matings with recipient strains were done as previously described (20) . Phage stocks were prepared and transduction was carried out as previously described (20 Figure 2 shows that all of the inducible activities measured were no longer repressed in the mutants. For example, both mannitol transport and glucose-6-phosphate dehydrogenase activity were rapidly induced after cells were transferred to medium contaiting mannitol, and after 10 generations, these activities increased 20-to 40-fold over those of wild type, whose levels remained close to the noninduced levels. Glucose transport activity also increased 28-fold over the noninduced levels in mutant strains after three generations in medium containing glucose plus succinate. Glucose transport in the wild type increased only threefold during this time (data not shown). On the other hand, phosphoglucoisomerase, a constitutive enzyme not subject to catabolite repression control, showed no significant difference among all three strains. Finally, Entner-Doudoroff enzyme activities were 2.5-fold higher in the mutants than in the wild type, whose levels again remained at the noninduced level. Thus, inducible enzymes which were repressed by succinate in wild-type cells were not repressed in either mutant, and induction occurred immediately after exposure to inducer.
Diauxic growth. The inability of P. aeruginosa to utilize sugars during growth in the presence of succinate is well documented (9) . Because of the repression of the sugar catabolic enzymes by succinate and other TCA cycle intermediates, the depletion of succinate from a culture growing in medium containing succinate plus a sugar results in a lag period of no growth followed by a period of slower growth as the cells shift to catabolism of the sugar. This phenomenon is referred to as diauxie. Does the Crc-phenotype, which allows induction of sugar catabolic pathways in the presence of succinate, abolish this diauxic effect? To answer this question, mutant and wild-type strains were grown in 6 mM succinate plus 14 mM glucose, and the time course of induction of the glucose catabolic enzymes relative to the depletion of succinate in the medium was monitored. Figure  3A shows that wild-type cells utilized succinate exclusively until it was exhausted and then shifted to catabolism of glucose. The expression of glucose uptake (Fig. 3A) and the glucose catabolic enzymes glucose-6-phosphate dehydrogenase and glucokinase (Fig. 3B ) occurred only after cells stopped growing on succinate. In the mutant, on the other hand, induction of the glucose-induced pathway occurred in the presence of succinate; however, the induction appeared to be biphasic, with an initial slow rate of enzyme and transport expression which increased again after succinate was depleted. In spite of the ability of the mutant to synthesize glucose catabolic enzymes in the presence of succinate, the growth in the mutant culture was also biphasic. When mannitol or fructose was substituted for glucose, mutant and wild-type strains exhibited patterns of biphasic growth similar to those presented in Fig. 3 (not shown). Figure 4 shows that both Crc-mutants were able to grow almost as rapidly using lactamide for nitrogen assimilation as on freely available ammonium, while the wild type grew very slowly with lactamide as the sole source of nitrogen. This suggests that both mutants contain a mutation in the same gene or in functionally similar genes which are responsible for catabolite repression of both amidase and mannitol transport and catabolic genes.
Amidase expression in mutant and wild-type cells. To ensure that growth on lactamide was indeed a reflection of amidase activity, PRP720 and wild-type PAO1 were examined for amidase expression during growth on lactamide plus succinate in BSM with ammonium. Expression of amidase in PAQ1 increased very slowly in the presence of succinate, reaching levels only 2-to 3-fold higher than the noninduced value; however, the Crc-mutant began expressing amidase after one generation of growth, and after three generations, Induction of amidase activity in succinate-BSM during exponential growth of wild-type (PAO1) and mutant (PRP720) strains. Cultures growing exponentially in BSM containing 40 mM succinate were transferred to fresh medium with and without 20 mM lactamide added to induce amidase activity. Cultures were sampled and assayed for amidase activity (see Materials and Methods). Each value varied by less than 10% from the mean of five or more determinations. Symbols: 0, PRP720, induced; A, PAO1, induced; E, PRP720 uninduced; x, PA01, uninduced. the specific activity was 60-fold greater than the noninduced level (Fig. 5) .
Expression of other carbohydrate catabolic enzymes in PRP720. Since PRP720 (isolated following enrichment in medium containing lactamide as the sole nitrogen source) was selected by using the plate assay for [14C]mannitol uptake, this mutant was presumed to be lacking in catabolite repression control of the mannitol pathway. To confirm that the other inducible enzymes of carbohydrate catabolism were also no longer under catabolite repression control, PRP720 was tested for expression of mannitol uptake and these other enzyme activities. The results were very similar to those shown for PRP701 and PRP705 in Fig. 2 .
Conjugal mapping of crc mutations. The approximate genetic loci of the crc mutations were determined by conjugal mapping experiments. Donor strain PRP706 (a Metderivative of PRP705) carrying chromosome-mobilizing plasmid pRO271 was mated with recipient strains containing marker mutations located from 1 to 34 min on the PAO chromosome (15) . The highest frequency of coinheritance of the crc-S mutation (95%) was observed with the argB18 locus at 11 min (Table 2) .
Donor strains containing the crc-10 through crc-70 mutations and carrying chromosomal mobilization plasmid R68.45 were crossed with recipient strains containing marker mutations located from 1 to 66 min. Mapping experiments with these strains showed that the highest linkage of these mutations was to the argB locus ( Table 3 ). The sole a Donor Crc-mutants bearing plasmid R68.45 were mated with recipient strains, and transconjugants were selected for inheritance of the indicated allele by growth on succinate-BSM unless otherwise indicated. Spontaneous Nalr derivatives of each auxotrophic strain were used as recipients, and donor strains were counterselected with nalidixic acid (see Materials and Methods). Transconjugants were scored for coinheritance of the unselected crc mutation as described in Materials and Methods.
b Marker alleles on PAO chromosomal map (5 exception was crc-30, which did not exhibit linkage with any of the loci tested. Thus, mutants isolated after either enrichment procedure appear to be affected at a locus near argB. The spontaneous mutation in strain PRP701 could not be mapped because of its characteristic high rate of reversion. Transductional mapping of the crc-5 mutation. The tight linkage of the crc locus with argB indicated that these loci might be cotransducible. To determine the location of crc relative to argB, the frequency of cotransduction of crc with argB and pyrE (11 min) was tested. A lysate containing the generalized transducing phage F116L propagated on PRP705 (crc-5) was used to transduce strains PA0303 (argB18) and PA0483 (pyrE). Transductants (Arg+ or Pyr+, respectively) which grew on BSM were selected, and coinheritance of the unselected donor crc-5 allele was scored as increased uptake of radiolabeled mannitol in the presence of succinate. The crc-S locus was cotransducible at a frequency of 9% (31 of 316) with argB and 37% (19 of 51) with pyrE. Since the observed frequency of cotransduction of the pyrE locus with the argB locus was 31% (17 of 55), the relative gene order in this region must be argB-pyrE-crc.
DISCUSSION
The enrichment schemes used prior to screening and selection of these mutants were designed to circumvent the problem of isolating mutants with reduced rates of succinate metabolism. Both of these enrichment procedures required that mutants grow as well on succinate as the wild type, and both led to the isolation of strains which appeared to have a mutation in the same gene. The evidence for this is that (i) all mutations which could be mapped were located in the 11-min region of the P. aeruginosa chromosome, and (ii) activities of multiple, independently regulated pathways in mutants isolated after either enrichment method were no longer catabolite repressed during growth in the presence of succinate or other TCA cycle intermediates. This is illustrated by the comparison of several independently regulated catabolic pathways in mutants isolated by each enrichment procedure.
All carbohydrate catabolic enzymes and transport systems tested which were repressed in the wild type by growth in the presence of succinate were no longer repressed in these Crc-mutants, yet expression of these enzymes was still inducible, not constitutive, in the mutants. These enzymes and transport systems are not all coordinately regulated but belong to separate regulatory units. These include (i) mannitol transport, which, along with the mannitol catabolic enzymes (mannitol dehydrogenase and fructokinase), is induced by growth in the presence of mannitol (9); (ii) the glucose transport system, which is induced by growth in the presence of glucose and is regulated separately from the central pathway enzymes involved in glucose catabolism (7); (iii) the central pathway enzymes (Entner-Doudoroff dehydratase and aldolase, glucokinase, and glucose-6-phosphate dehydrogenase), which are part of the coinducible hex regulon (7, 9) ; and (iv) amidase, an enzyme involved in both nitrogen assimilation and carbon metabolism, which is induced by lactamide or other amides such as acetamide and butyramide (1) . Phosphoglucoisomerase, which is constitutively expressed in the wild type and not repressed by succinate, was not affected by the crc mutation.
Organic acids other than succinate were also tested as carbon sources 
